This paper studied the influence of high and low combined fatigue (CCF) on compressor blade fatigue performance. We investigated the coupling between low cycle fatigue (LCF) loading from centrifugal force with high cycle fatigue (HCF) loading from vibration and determined the blade disc vibration frequency using static analysis at maximum rotational speed. We designed and constructed a combined fatigue test rig, and CCF tests were performed on a TC6 compressor blade to analyze fatigue life characteristics. Results showed that CCF could significantly shorten blade life compared with pure LCF and that larger HCF caused more significant fatigue life reduction. Fatigue source characteristics and CCF fracture appearance were observed and analyzed using a scanning electron microscope (SEM).
Introduction
Aircraft engine blade fatigue failure is a typical failure mode that drastically affects engine reliability and flight performance [1] [2] [3] [4] [5] [6] [7] . During operation, aircraft engines always endure low-amplitude, high-frequency vibration combined with high-level, low-frequency stress causing a combined fatigue effect. Modern compressor blades are designed to withstand stresses generated at resonance, but it is important to ensure blade integrity and life not only under HCF but also when superimposed with other damage mechanisms, such as LCF, which is inevitable in the compressor engine environment [8] . Most previous fatigue behavior studies of structural materials considered either LCF or HCF loading alone, although engineering components experience varying load history [9] . Pure LCF and HCF fatigue life predictions have large deviations compared to observation and did not reflect actual operational damage processes.
Several CCF studies have been reported in the last few decades. Fuchs et al. [10] were among the first to study CCF fatigue problems. The US Air Force subsequently acknowledged the CCF importance and designed experiments to explore interactions between LCF and HCF, showing that HCF fatigue limit increased under CCF [11] . Moshier et al. [12] also obtained similar conclusions and showed that HCF fatigue limit was higher under CCF than pure HCF conditions. Various foreign studies have also shown that LCF life is significantly shortened under CCF effect. Dungey and Bowen [13] confirmed this conclusion and tested titanium alloys under CCF and showed that the HCF life negligibly effected when the cycles exceeded 10 5 . Wang et al. [14] conducted the CCF test to study the extrapolation of turbine disc. Schweizer et al. [15] studied the mechanism and modeled fatigue crack growth under CCF. Both studies found that centrifugal and thermal stresses caused LCF turbine disc failures, whereas aerodynamically induced vibration stresses caused HCF failures. Powell et al. [16] systematically studied the influence of the number of HCF cycles per LCF cycle on fatigue crack growth. Gelmedin and Lang [17] studied IN 713C fatigue behaviors under LCF, HCF, and CCF conditions and found that, compared with the pure LCF loading, the superimposed HCF could dramatically shorten blade lifetime if its amplitude was high enough. Many studies have considered the same problems of the combined fatigue effects, researching that combined fatigue life is more important and complex, and most studies considered turbine blades with few considering compressor blades [18] [19] [20] [21] [22] .
In this paper, we first established a finite element model for the compressor blade and experimentally verified model accuracy by measuring the natural frequency of the rootretaining blade using impulse the hammering method. Static and vibration analyses of the blade disc system were then performed to obtain CCF test conditions and identify LCF load and HCF vibration frequency that produced maximum stress in the blade hazardous location. We formulated a CCF load spectrum based on those studies and realized a combined fatigue test rig. Fracture characteristics under CCF were analyzed to verify test design rationality. Last, the blades were also tested under pure LCF as well as CCF showing that the superimposition of vibration stress can lead to a significant reduction of LCF life.
Experimental Design
2.1. Finite Element Analysis 2.1.1. TC6 Characteristics. The most common blade material for high-pressure compressors employed in engines is TC6, strengthened martensitic thermally stable stainless steel with excellent overall mechanical properties, high thermal strength, and good stress corrosion resistance, hence very suitable for aeroengine blades. Table 1 shows the material properties [23, 24] . Figure 1 shows the threedimensional blade model built in Unigraphics NX software following its design drawings, and Table 2 shows the geometric parameters.
Blade Model Building.
We meshed the blade model using Solid187 10-node tetrahedron solid units (Solid187 is a higher order 3D 10-node solid structural element). The mesh size was set to 1 mm, as shown in Figure 2 .
After establishing the blade finite element analysis (FEA) model, we calculated the blade model and defined boundary conditions such that all nodes on the inner ring of the two pinholes were fixed and constrained. We used Block Lanczos, an eigenvalue solver based on the Lanczos algorithm that is widely used in structural mode calculation, to simulate the first-four natural vibration frequency orders. The results were observed using the general post-processor POST1, as shown in Table 3 .
The second-order natural blade vibration frequency (873.58 Hz) was much larger than the first-order frequency (251.68 Hz). The considered engine had 11,320 rpm design We measured the natural frequency of the root-retaining blade using the impulse hammering method and obtained the first-four vibration order shapes using laser scanning. Six blade specimens were randomly selected, coded as a1-a6. Frequency response for a1 was obtained by holistically analyzing five pulse simulations following the experimental parameters and settings, as shown in Figure 3 , where response peaks noted blade natural frequencies. Moreover, frequency response curves of a2-a6 are basically the same as that of a1.
According to the frequency response curve of each blade, the first-four order natural frequencies were collected, as shown in Table 4 . Table 5 compares simulation and experimental results and mean error probability for the natural frequencies for all blades = 2 8% on average, with maximum < 6%.
Having defined the natural frequencies, multiple measurement points were fixed on the leaf body and the exciter frequency adjusted to the natural rates to realize resonance at each stage of the blade. We used a Polytec laser vibrometer to detect displacement response and identify the vibration type. Experimental and model results were consistent, verifying that the blade modeling was accurate and reliable.
2.2. Combined Fatigue Test. The blade disc system, i.e., the compressor rotor system, connects the blades to the disc through pins, with the blades distributed around the edge of the disc. The considered blade disc system included 29 blades with other geometry as shown in Table 6 .
During operation, the blade disc system is affected by unbalanced excitation causing the blade to vibrate. Static and vibration analyses of the blade disc system were performed to determine an appropriate test load spectrum, where static analyses locate hazardous points of the blade and vibrational analyses identify dangerous resonance of the system and ideal HCF test frequency.
Blade Disc System Static Analysis.
In the case of cumulative fatigue damage, blade cracks usually occur in the region with largest equivalent stress under LCF conditions, which are considered the potential hazardous positions of the blade. Stress distribution patterns will be affected by engine design speed (3500 and 11,320 rpm minimum and maximum, respectively) and velocity amplitude. Boundary conditions were defined around the center axis of the disc, fixing and constraining displacements of all nodes on the inner ring, i.e., displacement = 0. We applied surface-surface contact laws between the disc and the blade, where the disc was the target and the blade the contact body. Rotational speeds were set at 3500, 4500, 5500, 6500, 7500, 8500, 9500, 10,500, and 11,320 rpm. Maximum stress position and stress distribution were derived using nonlinear static analysis, and the effect of increasing speed loading on stress distribution was investigated.
The results showed similar stress distribution under the different centrifugal speed loads. The hazardous position with maximum stress was preliminarily located in the central plate lug joints and earring inner, as shown in Figure 4 . Maximum principal stress = 592 MPa when speed was maximum (11,320 rpm). The dangerous blade disc resonance speed was identified as 8425.51 rpm, and the first order bending vibration state (567.29 Hz) from static analysis is shown in Figure 5 .
Single-blade vibration characteristics are meaningless and should not be used as the basis for HCF vibration conditions because practical situations almost invariably incorporate multiple coupled blade disc systems. Therefore, we considered coupled vibration characteristics of the system and its resonance frequency to derive the HCF conditions of the blade. If the first-order bending resonance of the system is likely to occur, we can determine the first-order f requency = 251 68 Hz of the blade equals to the high cycle vibration frequency, that is, the condition of the resonance failure frequency of the HCF in the CCF test.
Load Spectrum Derivation.
We considered the relationship between stress (S) and total fatigue life (N) to investigate the load spectrum, covering pure LCF, pure HCF, and CCF conditions. A CCF test load spectrum was designed based on the typical service loading for an aircraft engine, as shown in Figure 6 . The major low-frequency cycle had a trapezoidal stress wave with a 14.59 s period and included two short blocks and one long block, corresponding to climbing, cruising, and landing, i.e., typical aircraft flight. High-frequency vibration overlaid the low frequency loading, simulating resonance.
Vibration analysis of the blade disc system showed it was prone to first-order resonance and the sinusoidal excitation signal frequency f H = 251 68 Hz. Similarly, the determined loading frequency ratio was consistent with the design requirements of low T L = 8250 cycles and high T H = 3 × 10 7 blade cycle life. By calculation, the test frequency ratio is R f = 3636 and low cycle loading frequency is f L = 0 067 Hz.
Because maximum speed, n max = 11,320 rpm, was constant, LCF load, σ L , was also constant, as shown in Table 7 . Compared with the resonant failure of the blade, forced vibration induced by aerodynamic force is another cause of blade failure. The aerodynamic force mainly manifests as flow pressure on the exhaust side of the blade, defined as approximately 10% of the maximum centrifugal force [25] . However, the aerodynamic effect should not be considered when CCF of the blade is studied independently. Therefore, we modified the low cycle load to 28,255 N, which was also the LCF test load.
Combined
generated in compressor blades. Traditional HCF tests also only considered uniaxial machines, applying both steady and alternating loads along the major specimen axis. The purpose of the CCF test system design core is to optimally simulate actual working conditions using the test rig, and efficient reproduction of the specific blade damage location and failure mechanisms. To simulate LCF and HCF, the designed test rig was divided into LCF and HCF loading devices, as shown in Figure 7 .
This design could also be used for pure LCF test. Figure 8 shows the three-dimensional test rig.
The actual test rig is shown in Figure 9 . Selecting an appropriate monitoring point and accurately controlling the stress is critical. Because the blade hazardous position is closely connected to the device design, test monitoring points are usually chosen at the blade tip. However, due to severe vibration at the blade tip, the measurement location time domain displacement curve changes exceptionally irregularly, making it difficult to measure amplitude accurately. Therefore, we must select a different monitoring point. Vibration stress was transmitted through the exciting rod to the exciting point and only acts indirectly on the blade hazardous position. The amplitude at the exciting point is difficult to measure. Hence, we measured the amplitude at the hazardous position using the laser vibrometer and assumed these amplitudes were equal. So we finally set the monitoring point at the center of the internal fixture surface, as shown in Figure 10 , because the time domain displacement curve for this location was sinusoidal with relatively small amplitude.
The Function of the Test Rig Realization.
Hydraulic loading equipment can simulate centrifugal forces and balance the stress on the assessed blade part to the static stress for the selected engine rotating speed, producing tension on the steel cable along the radial direction of the blade. Figure 9 shows the loading force was controlled by an electrohydraulic servo valve to meet the LCF requirements. Low cycle load was also monitored by the sensor.
The HCF loading device mainly consisted of the shaker, signal generator, and exciting rod. Under vibration, the excitation signal passes through the exciting rod to the blade, forcing the corresponding position to vibrate in the vertical direction of the blade. Thus, the vibration amplitude of the blade hazardous position varies with the HCF amplitude required by the test, which realizes CCF loading. Table 8 . Vibration amplitude and stress were fitted using the least squares method, as shown in Figure 11 .
Vibration Stress and Amplitude Relationship. Transient thermal responses under seven different amplitudes were
Vibration stress and amplitude are both linear. Therefore, the exponential can be expressed as 
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where σ is the vibration stress and A is the monitoring point amplitude. Therefore, vibration stress that cannot be measured directly needs to be converted to amplitude, because the vibration stress amplitude of the blade hazardous location at any amplitude can be determined.
According to the numerical results, we have explored the CCF test conditions, formulated the load spectrum, and realized the CCF test rig. Before studying the effects of different vibration stresses on LCF life under the low cycle load holding constant, we must first determine the correctness of the numerical results and the rationality of the combined test design based on fracture investigations of the test blade and study the relationship between vibration stress and amplitude. Taking into account these analyses, in the following studies, we conduct fracture tests and explore the effects of CCF on blade fatigue life.
Results and Discussion
3.1. Fractographic Investigations. Fracture characteristics changed under combined cycling with strong interaction among LCF, HCF, and crack initiation. Figures 12-17 show the major manifestations, which validate the CCF test system design.
A visual crack appeared at the root of the blade, corresponding to the static results of the hazardous location. Processed fracture patterns were applied to the specimens and scanned using SEM. Figures 13 and 14 show fracture modes indicating the crack initiation and propagation mechanism under CCF for different loading conditions. Figure 13 shows that region 1 is the crack source, region 2 is the high loading fracture zone, region 3 is the low loading fracture zone, and region 4 is the fracture morphology formed during the process. The fracture surface of the high cycle zone is smooth, while in the lower region it is rough. Figure 14 shows grain boundary facets with cracks originating at grain boundary junctions alongside transgranular fatigue cracks, indicating build-up of time-dependent creep damage. The crack surface has an uneven oxide film, probably due to the prolonged exposure of the fracture in the air, which also affects the SEM analysis. Crack initiation was mostly transgranular, indicating fatigue was the predominant contributor to the overall damage. A similar trend was also evident for crack propagation modes under LCF, particularly when the blades were subjected to lower stabilized cyclic stress. [26] . Figures 15 and 16 show the low expansion region. There is a multisource or linear-source fracture in the low cycle fatigue extended region, with occasional small dimples found nearby the fatigue source area. The fatigue band spacing of the extended region is larger, and separation distance generally exceeded micrometers.
Fracture Behavior under CCF.

Fracture Analysis under LCF
There was obvious transgranular phenomenon and cavity nucleation. Fractures were predominantly along the grain boundaries, indicating they were caused by typical tensile forces. Intergranular cracks are developed through cavity formation at the grain boundaries due to high local stress concentration caused by grain boundary sliding. With increasing scanning time, transgranular initiated cracks were characterized by striations with secondary cracks present along near-surface regions, whereas stress-dependent tensile ratcheting became more prominent in the form of dimples (ductile rupture) towards the interior (Figure 15) .
Thus, the predominance of tensile ratcheting in the crack propagation phase highlighted two failure modes: timedependent intergranular fracture and stress-dependent ductile rupture. This process was also facilitated by impingement of slip bands at the grain boundary. However, at very high stresses, particles within a grain became decohered at the particle-matrix interface due to tensile ratcheting, resulting in dimple formation that eventually leads to ductile failure. Hence, these two processes are competitive and governed by both the applied stress and the dwell time. The predominance of compressive ratcheting due to the lower stabilized cyclic stress prevented fast damage accumulation as occurred when stress-dependent mechanisms were highly active, providing sufficient time for cavity nucleation at grain boundaries ( Figure 16 ). Figure 17 shows selected portions of the fracture surface at higher magnification to assess HCF damage, including transverse fatigue striation and edge tearing in bright linear zones. Thus, fracturing was caused by transgranular expansion. The cross section between the fatigue source and extension area was bright and smooth, with many light fatigue arc curves in the fracture diagram. Furthermore, HCF striations were also directly ahead of grain boundary facets, indicating that minute HCF cracks are linked with intergranular cracks [26] .
Fracture Analysis under HCF.
During the final failure, the uncracked ligaments between the arrested cracks presumably got torn off by shearing, forming extensive tear zones. Moreover, these striations tended to link with adjoining grain boundary facets, confirming that HCF damage acted as a channel to link LCF with crack source zones.
The cracks could not advance further by coalescing because a highly stabilized cyclic stress would lead to ruptures, as evidenced by extensive dimples. Thus, HCF damage International Journal of Aerospace Engineering in such cases was negligible and might not have affected the final failure. When LCF damage is negligible and timedependent damage is predominant in terms of the extensive intergranularity of fracture, HCF plays a similar role as revealed from the presence of striations within grain boundary facets which originated mostly from HCF cycling.
Fatigue Life Test.
Through fracture results, we verified the rationality of the design of the experimental system, which can be used as a study of the combined fatigue effect of blades. Pure LCF and CCF tests were then performed to identify fatigue life characteristics.
3.2.1. Pure Low Cycle Fatigue Test and Result Analysis. Table 9 shows pure low cycle fatigue life test results for constant low cycle load (28,225 N) on seven blade specimens. and 100 μm, respectively, and the outcomes are shown in Table 10 . Table 9 indicates that pure LCF life can exceed 30,000 cycles whereas Table 10 shows that maximum LCF life under combined loading was only 11,241 cycles. The blade fatigue life under pure low cycle loading is much longer than that under the CCF, indicating that blade fatigue life can be significantly reduced by HCF loading and that the higher superimposed vibration stress level can lead to more significant reduction in the LCF fatigue life. An overall reduction in CCF life compared with pure LCF was possibly due to HCF effects on fatigue crack propagation rate. The fraction of life spent in propagating a fatigue crack would be reduced but remain significant due to the lower stress range associated with minor cycles, hence significantly reducing total fatigue life. Accelerated crack growth could have been caused by the unloading associated with the LCF part of the CCF waveform, as demonstrated by Fleck and Smith [27] both in steel and aluminium alloy [20] .
It is important to study HCF effects on LCF life in CCF testing and blade fatigue characteristics to predict blade life under any stress conditions. These results showed that HCF had a significant effect on LCF life, but the extent of this impact requires further study. So we need to analyze the combined test results in Table 10. 3.2.3. Median Cyclic Stress-Fatigue Life Curve. Fatigue characteristics are usually expressed using the relationship between maximum stress, S, and fatigue life, N, i.e., the S-N curve, which illustrates the endurance of specimens to changing stresses. Figure 18 shows the fitted S-N curve in linear coordinates.
Vibration stress and fatigue life are exponentially related, as
and the fitted result shows that a = 924 3 MPa, b = 1 108 × 10 7 cycles, and c = 89 22 MPa, where c is the vibration stress threshold. Hence, the HCF vibration load had no significant effect on blade LCF life when vibration stress ≤ 89 22 MPa. Stress exceeded this threshold when we tested under maximum stress conditions, creating significant plasticity such that time spent initiating fatigue cracks was relatively short.
Conclusion
This study developed a CCF test system to investigate blade failure caused by centrifugal force and vibration combined. This combination more accurately represented practical conditions the blade would be subjected to in service. Hence, it becomes apparent that the previous and current design methods for blade material based upon HCF performance remain valid, because the original conservatism was retained. The fracture analyses have verified the rationality and feasibility of the designed combined fatigue test rig. Also, the life characteristics showed that the blade LCF life can be significantly reduced by the HCF loading. Increased vibration stress could lead to a more significant blade fatigue life reduction.
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